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Abstract

Renal ischemia-reperfusion (IR) injury (IRI) following shock states or transplantation causes 

tissue damage and delayed graft function, respectively. The Wnt/β-catenin signaling pathway plays 

a critical role in nephrogenesis. We therefore hypothesized that pharmacological activation of 

Wnt/β-catenin signaling by Wnt agonist, a synthetic pyrimidine, could protect kidneys from IRI. 

Adult male rats were subjected to bilateral clamping of the renal pedicles with microvascular clips 

for 60 min, followed by reperfusion. Wnt agonist (5 mg/kg BW) or vehicle (20% DMSO in saline) 

was administered intravenously 1 h prior to ischemia. Blood and renal tissues were collected 24 h 

after IR for evaluation. Renal IR caused a significant reduction of β-catenin and its downstream 

target gene cyclin D1 by 65% and 39%, respectively, compared to the sham, while Wnt agonist 

restored them to the sham levels. The number and intensity of cells staining with the proliferation 

marker Ki67 in ischematized kidneys were enhanced by Wnt agonist. The integrity of the renal 

histological architecture in the Wnt agonist group was better preserved than the vehicle group. Wnt 

agonist significantly lowered serum levels of creatinine, AST, and LDH, inhibited the production 

of IL-6 and IL-1β, and MPO activities. Lastly, Wnt agonist reduced iNOS, nitrotyrosine proteins 

and 4-hydroxynonenal in the kidneys by 60%, 47% and 21%, respectively, compared to the 

vehicle. These results indicate that Wnt agonist improves renal regeneration and function while 

attenuating inflammation and oxidative stress in the kidneys after IR. Thus, pharmacologic 

stimulation of Wnt/β-catenin signaling provides a beneficial effect on the prevention of renal IRI.
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INTRODUCTION

Ischemia-reperfusion (IR) injury (IRI) is a key contributor to acute renal failure (ARF) and 

carries a high mortality rate following septic shock, hemorrhagic shock, renal 
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transplantation, and major cardiovascular procedures. Indeed, it has been observed that the 

ARF mortality rate can reach 60% in ICU patients recovering from septic shock, which 

climbs as high as 80% for post-operative IRI (1, 2). IRI is of particular concern in the renal 

transplant setting as it can intensify the immune response, leading to increased risk of renal 

allograft rejection or chronic allograft damage (3, 4).

One of the crucial events in the kidney’s natural response to ischemic or toxic insult is the 

activation of resident stem/progenitor cells that allows for nephron regeneration (5). The 

canonical Wnt/β-catenin signaling axis has been well-established as having a central role in 

stem and progenitor cell renewal and differentiation (6). Furthermore, Wnt/β-catenin 

signaling is known to strongly influence organogenesis and carries vital embryologic 

responsibilities, particularly in kidney development and maturation (6). The importance of 

canonical Wnt/β-catenin activity in the kidney is preserved postnataly, as well, for in a 

murine model of renal IRI, tubule-specific β-catenin deficiency mice exhibited increased 

cellular injury, increased creatinine, and increased mortality after IR compared to control 

mice (7). Together, this information suggests that there may be a role for pharmacologic 

strategies that exploit the Wnt/β-catenin axis to assist in renal recovery following IRI.

β-Catenin is a tightly regulated intracellular protein that is normally tagged for proteasomal 

degradation in the absence of Wnt stimulation (6). This is owing to a phosphorylation of β-

catenin performed by a multi-protein complex consisting of glycogen synthase kinase 3β 

(GSK-3β), axin, and adenomatous polyposis coli (APC), collectively creating the β-catenin 

destruction complex (6). The canonical Wnt/β-catenin axis is activated when endogenous 

Wnt ligands bind frizzled receptors on the cell surface. β-catenin is then dephosphorylated to 

be able to accumulate in the cytoplasm and migrate to the cell nucleus, where it can interact 

with the transcription factors T-cell factor and lymphoid enhancer factor (Tcf/Lef) (6). 

These interactions ultimately catalyze the upregulation of downstream target gene 

expression, including those responsible for cell-cycle progression, such as c-myc and cyclin 

D1 (6).

One such means of potentially utilizing this pathway is through the administration of 2-

amino-4-[3,4-(methylenedioxy)benzylamino]6-(3-methoxyphenyl)pyrimidine (Wnt agonist), 

a modified pyrimidine that was recently discovered through screening the activation of β-

catenin/Tcf reporter genes in cultured cells (8). Its activity was confirmed in vivo by 

demonstrating its effects in models of Xenopus development, thereby establishing it as a 

novel small-molecule agonist of the canonical Wnt/β-catenin axis (8). We therefore 

hypothesized that Wnt agonist treatment would protect the kidneys from the injury induced 

by IR. In the present study, we used a rat model of IRI and examined the effect of Wnt 

agonist treatment on the activation of Wnt/β-catenin signaling and regeneration in the 

kidneys after IR. We then assessed the serum levels of renal injury and function makers as 

well as the histologic structure of the kidneys. Finally, we examined the effect of Wnt 

agonist on oxidative stress and inflammation in the kidneys following IR.
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MATERIALS AND METHODS

Experimental animals

Male adult Sprague-Dawley rats (250–275 g; Charles River Laboratories, Wilmington, MA) 

were kept in a temperature-controlled facility on a 12-h light/dark cycle and fed a standard 

rat chow diet. Rats were fasted overnight before undergoing surgery but provided with water 

ad libitum. All experiments were performed in accordance with the National Institutes of 

Health guidelines for use of experimental animals, and this study was approved by the 

Institutional Animal Care and Use Committee (IACUC) of the Feinstein Institute for 

Medical Research.

Animal model of renal IR

Rats were anesthetized with intraperitoneal injection of sodium pentobarbital solution (40 

mg/kg BW), after which the right hind limb and ventral abdomen were shaved and cleansed 

with a 10% povidone-iodine wash. A catheter was then inserted into the right femoral vein 

and rats received a 0.5 ml infusion of Wnt agonist (5 mg/kg BW, EMD Biosciences, San 

Diego, CA) or vehicle [20% dimethyl sulfoxide (DMSO) in normal saline] over 30 min. 

Thirty min after completion of infusion, a 3-cm midline laparotomy incision was made and 

the vascular pedicles of both kidneys were occluded with microvascular clamps. Clamps 

were removed after 60 min to allow for reperfusion, the abdomen was closed, and rats were 

returned to their cages. Sham operated animals underwent midline laparotomy alone. The 

dosage of Wnt agonist was based on our previous study in hepatic IR model (9). Blood and 

kidney samples were collected 24 h after clamp removal and stored at −80°C prior to 

analysis.

Determination of serum enzymes and biochemical markers

Whole blood samples were centrifuged at 4,000 rpm for 12 min to collect serum, which was 

then stored at −80°C prior to analysis. The activities of aspartate aminotransferase (AST), 

lactate dehydrogenase (LDH), and creatinine were determined by assay kits from Pointe 

Scientific (Lincoln Park, MI) performed according to the manufacturer’s instructions.

Western blotting analysis

Frozen kidneys were pulverized and 100 mg samples were lysed and homogenized in 300 µl 

lysis buffer (10 mM Tris-HCl pH 7.5, 120 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 

and 0.1% SDS) containing a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, 

IN) using high frequency sonication. Samples were centrifuged at 14,000 rpm for 15 min at 

4°C to allow for collection of supernatant. Following determination of sample protein 

concentrations by Pierce BCA protein assay kit (Pierce Biotechnology, Rockford, IL), 50 µg 

samples were separated on 4–12% Bis-Tris gels and transferred to nitrocellulose 

membranes. Blot membranes were then incubated with primary antibody against β-catenin, 

cyclin D1, inducible nitric oxide synthase (iNOS), nitrotyrosine, 4-hydroxynonenal (4-HNE) 

or β-actin (Santa Cruz BioTechnologies, Santa Cruz, CA). All protein bands were detected 

by species-specific fluorescence-labeled secondary antibodies and analyzed by the LI-COR 

Odyssey Fc Imager (LI-COR, Lincoln, NE).
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Histologic evaluation of renal injury

Coronal plane kidney biopsies were taken following 24 h of reperfusion and stored in 10% 

formalin before being fixed in paraffin. Biopsies were then sectioned to 4-µm cuts and 

stained with hematoxylin-eosin. Cortico-medullary junction injury was then assessed in a 

blinded fashion using a semi-quantitative light microscopy evaluation. The histologic injury 

score for each sample was expressed as the sum of the individual scores given for 5 different 

parameters: dilation or loss of Bowman’s space, flattening of renal tubular epithelium, loss 

of tubular brush border, microhemorrhage, and tubular casts. For each parameter scoring 

was as follows: 0, none; 1, ≤10%; 2, 11–25%; 3, 26–50%; 4, >50%. Each sample’s score 

was determined by averaging the findings from 10 microscopic fields.

Renal myeloperoxidase assessment

Frozen kidneys were pulverized and 100 mg of tissue was homogenized in 1 ml of KPO4 

buffer containing 0.5% hexadecyltrimethylammonium bromide by using high frequency 

sonication and incubated at 60°C for 2 h. Samples were centrifuged and the supernatants 

were extracted. The reaction was carried out in a 96-well plate by adding samples to a 

phosphate buffer containing o-dianisidine hydrochloride and hydrogen peroxide. Light 

absorbance was read at 460 nm at 1-min internals over a period of 5 min. Myeloperoxidase 

(MPO) activity (1 unit was equal to the change in absorbance per min) was expressed as 

units per gram of tissue.

Immunostaining for Ki67

Paraffin-embedded kidney sections were dewaxed in xylene and rehydrated in a graded 

series of ethanol. Slides were incubated in 0.92% citric acid buffer (Vector Laboratories, 

Burlingame, CA) at 95°C for 15 min. After cooling to room temperature, the slides were 

incubated with 2% H2O2 in 60% methanol and blocked in 2% normal rabbit serum/TBS, 

after which they were incubated with goat anti-Ki67 antibody (1:50, Santa Cruz 

Biotechnologies) in 1% normal rabbit serum/TBS with 0.02% Triton X-100 at 4°C 

overnight. The detection was carried out as per the instructions provided by an 

immunohistochemistry kit with NovaRED substrate (Vector Laboratories).

Real-time RT-PCR analysis

Total kidney RNA was extracted using “TRIzol reagent” (Invitrogen, Carlsbad, CA). Real-

time PCR was carried out on cDNA samples which were reverse transcribed from 2 µg RNA 

samples using murine leukemia virus reverse-transcriptase (Applied Biosystems, Foster 

City, CA). PCR was carried out in a 24 µl final volume containing 0.08 µmol of each 

forward and reverse primer, 2 µl cDNA, 9.2 µl H2O and 12 µl SYBR Green PCR Master 

Mix (Applied Biosystems). Amplification was conducted in an Applied Biosystems 7300 

real-time PCR machine under the thermal profile of 50°C for 2 min and 95°C for 10 min, 

followed by 45 cycles of 95°C for 15 sec and 60°C for 1 min. The level of rat β-actin mRNA 

was used for normalization and each specific mRNA analysis was conducted in duplicate. 

Relative expression of mRNA was calculated by the 2−ΔΔCt method and results were 

expressed as fold change in comparison to the sham samples. The primer sequences are as 

follows: Rat IL-1β, 5'-GAC CTG TTC TTT GAG GCT GAC A-3' (forward) and 5'-AGT 
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CAA GGG CTT GGA AGC AA-3' (reverse); Rat IL-6, 5'-AGG GAG ATC TTG GAA ATG 

AGA AAA-3' (forward) and 5'-CAT CAT CGC TGT TCA TAC AAT CAG-3' (reverse); 

Rat β-actin, 5'-CGT GAA AAG ATG ACC CAG ACT A-3' (forward) and 5'-TGG TAC 

GAC CAG AGG CAT ACA G-3' (reverse).

Statistical analysis

All data are expressed as a mean ± SEM and compared by one-way analysis of variance 

(ANOVA) and the Student-Newman-Keuls (SNK) test. Differences in values were 

considered significant if P < .05.

RESULTS

Wnt agonist preserves the Wnt/β-catenin axis following renal IR

In order to investigate the effect of IR on Wnt/β-catenin signaling in the kidneys, we 

measured protein levels of β-catenin and its target gene 24 h after insult. Renal IRI caused a 

65% decrease in the measurable levels of β-catenin, which was restored to within 80% of 

sham levels when Wnt agonist was administered prior to IR (Fig. 1A). In a likewise manner, 

we observed that renal IR led to a 39% decrease in renal protein levels of cyclin D1, a cell 

cycle promoter that is activated as a direct target gene of β-catenin/Tcf interaction (6). 

Consistent with this notion, we observed that with Wnt agonist treatment, renal protein 

levels of cyclin D1 were returned to 95% of the sham levels after IR (Fig. 1B). These 

findings demonstrated that renal IRI caused a down-regulation of signaling through the 

canonical Wnt/β-catenin axis, which was able to be restored with the administration of Wnt 

agonist.

Wnt agonist decreases renal tissue injury

Not surprisingly, 60 min of bilateral clamping of the renal vasculature caused extensive 

cellular injury, measurable through increases in cellular enzymes and biochemical markers, 

and visible through histologic disruption of normal nephron architecture. Serum levels of 

creatinine, AST, and LDH raised 11.7-, 3.6-, and 10.0-fold, respectively, 24 h after renal IR. 

Wnt agonist treatment, however, blunted these rises by 41%, 42%, and 50%, respectively 

(Fig. 2). Although AST and LDH are not kidney-specific organ injury markers, they have 

been commonly used for indicating the severity of cellular injury in the kidney after IR (10–

12). These findings correlated with the visible changes that renal IRI caused on 

histopathologic examination. In comparison to the sham (Fig. 3A and D), at 24 h from 

clamp release ischematized kidneys treated only with vehicle demonstrated abnormalities in 

Bowman’s capsule spacing, disrupted convoluted tubule epithelium, hemorrhage, and 

intratubular cast formation (Fig. 3B and E). We observed, however, an improvement in all 

of the previously mentioned parameters in animals treated with Wnt agonist prior to IR (Fig. 

3C and F). According to our modified quantitative injury scoring system (13), the vehicle 

group had an average histologic injury score of 13 out of a possible 20, while Wnt agonist 

treatment decreased the average histologic injury score down to 7.5, a 42% improvement 

(Fig. 3G). Moreover, renal MPO levels were determined in order to ascertain levels of 

neutrophil-derived inflammation following IR. When compared to sham-operated animals, 
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IR caused a 25-fold increase in kidney MPO levels in vehicle-treated animals, which was 

reduced by 89% in animals treated with Wnt agonist prior to IR (Fig. 3H).

Wnt agonist aides the regenerative capability of renal tubular cells following renal IR

In order to ascertain the effect that Wnt agonist had on cellular regeneration and proliferation 

in the setting of renal IRI, we performed immunostaining for Ki67 in renal tissue. Ki67 is a 

nuclear protein used to determine the growth fraction of cell populations as it is necessary 

for proliferation and is only present in active phases of the cell cycle, and therefore absent 

from G0 cells (14). Compared to sham-operated animals (Fig. 4A and D), both the renal 

cortex and medulla of vehicle-treated IRI kidneys demonstrated a drastic decrease in both 

the number and intensity of cells staining positive for Ki67 (Fig. 4B and E). In contrast to 

the vehicle group, those animals that received Wnt agonist demonstrated a Ki67 staining 

pattern that much more closely resembled the sham group (Fig. 4C and F). This pattern 

indicates that treatment with Wnt agonist restored the proliferative ability of renal tubular 

cells after renal IRI.

Wnt agonist reduces the oxidative stress in the kidneys following renal IR

We measured the renal protein levels of iNOS and nitrotyrosine after 24 h of reperfusion as 

a means of measuring levels of nitrosative stress caused by IRI. In comparison to sham-

operated animals, the vehicle-treated group demonstrated 9.1- and 3.9-fold rises in renal 

levels of iNOS and nitrotyrosine, respectively, after IR (Fig. 5A and B). Wnt agonist 

treatment, however, was able to mitigate the tissue damage due to nitrogen radical 

generation as it blunted the IRI-induced rises in iNOS and nitrotyrosine by 68% and 47%, 

respectively (Fig. 5A and B). We also measured the levels of 4-HNE protein adducts in the 

kidneys after 24 h of reperfusion. 4-HNE is one of the breakdown molecules after reactive 

oxygen species (ROS) target lipids and initiate the lipid peroxidation process, and has been 

widely accepted as an inducer of oxidative stress (15). The 4-HNE levels in the vehicle 

group were increased 3.6-fold in comparison with the sham, while its levels reduced by 21% 

after treatment with Wnt agonist (Fig. 5C).

Wnt agonist attenuates inflammatory cytokine generation following renal IR

Renal IL-6 and IL-1β mRNA levels were measured as a means of determining the effect that 

Wnt agonist had on the activation of inflammatory cascades within the kidneys secondary to 

IRI. Renal IR caused a 208-fold increase in kidney tissue levels of IL-6 mRNA 24 h after 

ischemia (Fig. 6A). This was limited to just a 21-fold increase compared to the sham group 

in those animals treated with Wnt agonist; representing a near 10-fold decrease in generation 

of this potent inflammatory cytokine compared to vehicle-treated animals (Fig. 6A). Kidney 

tissue levels of IL-1β mRNA also demonstrated an increase following IR, rising 4-fold 

compared to the sham group gene expression (Fig. 6B). Wnt agonist treatment, however, 

was associated with a 96% attenuation of the rise in measureable IL-1β mRNA levels (Fig. 

6B).
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DISCUSSION

Though it is difficult to accurately quantify the incidence of renal IRI annually, when 

consideration is given to the fact that over 18,000 kidney transplants are performed in the 

US on a yearly basis it becomes apparent that many patients are at risk for IRI (16). The 

number at risk grows larger still with the inclusion of an estimated 200,000 cases of septic 

shock occurring annually in the US, which is recognized as a leading cause of ARF (1, 17). 

Add to these estimates the incidence of IRI following resuscitation from hypovolemic/

hemorrhagic shock or major vascular surgeries and the need for treatments that can counter 

renal IRI is further underscored. The canonical Wnt/β-catenin signaling axis may be well-

suited for renoprotection and repair due to its importance in kidney development and 

homeostasis. We herein reported the effect that pharmacologic activation of the Wnt/β-

catenin axis had on kidney injury in a rodent model of renal IR. In untreated animals, 60 min 

of bilateral renal IR caused downregulation of β-catenin activity, induced tissue injury, 

activated inflammatory pathways and impaired renal function. Contrasting this, 

administration of Wnt agonist mitigated the damage caused by renal IR and increased the 

regenerative capability of the kidney post-insult.

Our findings that β-catenin activity is protective in the setting of renal IRI are consistent 

with recent evidence suggesting that β-catenin plays a central role in the cellular response to 

stress. It was established by Essers et al. that β-catenin is needed for the generation of the 

manganese-superoxide dismutase sod-3 for anti-oxidant response in a nematode model of 

paraquat poisoning (18). Indeed, in C. elegans that under stress/ROS conditions, β-catenin is 

necessary for the transcription of factors that increase ROS clearance, stress response, and 

survival (19). These observations correlate with our findings that the importance of β-

catenin in the stress response is preserved in a mammalian model of severe kidney injury, as 

we witnessed a strong correlation between diminished β-catenin levels following IR with 

increases in the levels of 4-HNE protein adducts, a reflect of increased generation of ROS. 

Canonical Wnt signaling is important in maintaining homeostasis not only against oxidative 

stress, however, an example of this coming from the observation by Sabbagh and colleagues 

that Wnt antagonists exacerbated renal osteodystrophy in mice with polycystic kidney 

disease (20). Given then that Wnt/β-catenin signaling is likely important in renal 

homeostasis and recovery from stress, an obstacle to preventing kidney injury arises from 

the evidence that Wnt/β-catenin signaling is actually downregulated in several injury models.

Several in vivo studies have previously established that under hypoxic conditions, 

cytoplasmic β-catenin stores are shunted away from the β-catenin/Tcf interactions that allow 

for cell replication and towards other transcription factors promoting senescence for survival 

(21). Whereas hypoxia in cellular models is a reasonable substitute for the ischemic phase in 

animal IR models, the effects of H2O2 are often substituted for the oxidative effects of the 

reperfusion phase of IR. Shin and colleagues demonstrate that H2O2-mediated cytotoxicity 

inhibits activation of β-catenin-Tcf/Lef-dependent transcriptional activity by upregulating 

the activity of GSK-3β, the central component of the β-catenin destruction complex (22). 

These findings are consistent with our observations that β-catenin and its Tcf/Lef-dependent 

downstream target gene, cyclin D1, are downregulated in the rat kidney following IR. 

Moreover, treatments that target cyclin D1 expression may provide utility in renal IRI as 
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cyclin D1 has been shown to be downregulated in cell lines exposed to hypoxia or H2O2, 

whereas rodent studies have demonstrated that increased cyclin D1 expression through 

increased Wnt signaling is associated with recovery from ARF (23).

The importance of canonical Wnt/β-catenin signaling in recovery from renal IR is 

underscored by previous findings that one of the keys to renal repair following ischemic 

ARF is the proliferation of surviving proximal tubular cells (24). Pharmacologic treatment to 

aid this process might then be useful considering that normal rat kidney cells have 

demonstrated a lack of innate upregulation of β-catenin-Tcf signaling following ischemia 

(25). In this study, rats that underwent renal IRI demonstrated substantially less staining for 

Ki67 in the kidney compared to sham-operated animals. Wnt agonist treatment, however, 

resulted in renal Ki67 staining patterns that closely resembled sham animals. Our 

observation echoes a recent demonstration that Ki67 staining in kidney tubular cells is 

indicative of renal regeneration and proliferation following IR in rats (26). This suggests that 

treatment with Wnt agonist may represent a successful means of upregulating regenerative 

pathways that are crucial to recovery following severe renal insult.

Another means by which Wnt agonist treatment aided in the blunting of renal injury was 

through limiting inflammation and nitrosative stress, processes at the core of the 

pathophysiology behind IRI. Under normal circumstances, proper blood vessel tone is 

maintained by endothelial nitric oxide synthase (eNOS), which under stress conditions is 

replaced by harmful levels of iNOS (27). iNOS has been shown to be one of the key 

mediators of injury in renal IR and methods that seek to inhibit the production of iNOS have 

proven beneficial in animal models of renal IRI (27). Our model demonstrates that the 

production of iNOS that is characteristic of IRI can be attenuated with the administration of 

Wnt agonist. The tissue damage caused by reactive nitrogen species (RNS) is due to the 

iNOS-mediated creation of peroxynitrite (ONOO−), levels of which can be determined by its 

surrogate, nitrotyrosine (28). Our study confirms, as well, that nitrotyrosine protein levels 

were decreased in the kidneys of animals treated with Wnt agonist prior to renal IR.

Inflammatory cytokines generated within the kidneys are partly to blame for the creation of 

iNOS in post-ischemic renal tissue, as it has been demonstrated that renal tubular cells 

themselves secrete IL-6 and IL-1β following ischemic injury (24, 29). This renal-derived 

IL-1β can then amplify the induction of iNOS (30). We demonstrated that the gene 

expression of both cytokines was downregulated in the kidneys of animals treated with Wnt 

agonist. Ultimately, cytokines and RNS/ROS work to recruit neutrophils into kidney tissue 

following renal IR. This then results in drastic increases in neutrophil-derived MPO, which 

is considered along with ONOO− to be most culpable in causing IRI (29, 30). In our study, 

Wnt agonist treatment provided a near 90% reduction in renal MPO activity after IR. The 

importance of reducing MPO activity in IR is supported by the finding of Matthijsen et al., 

who observed that MPO knockout mice demonstrated significantly less renal neutrophils, 

less inflammation and improved renal function 24 h after renal IR (31). Moreover, it has 

been suggested that there is a close interplay between MPO levels and nitric oxide radicals 

in kidney diseases, and that reducing iNOS levels can inhibit the production and activity of 

MPO in renal IR (32). Wnt agonist demonstrated significant anti-inflammatory properties by 

drastically reducing both of these mediators compared to vehicle-treated animals.
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It was previously recognized that Brown Norway rats are particularly resistant to renal IR 

due to congenital increased in Wnt/β-catenin signaling relative to other species of rats (33). 

In another study, transfection with a vector coding for the Wnt1 ligand protected human 

kidney cells from apoptosis after exposure to staurosporin (7). Pharmacologic attempts to 

manipulate Wnt signaling have also been used, but have been either limited to in vitro 

studies, genetic knockout studies, or have utilized GSK-3β inhibition as a means of limiting 

IRI (34, 35). GSK-3β is involved in multiple signaling pathways other than Wnt (6). Wnt 

agonist acts independently of GSK-3β to activate β-catenin/Tcf transcriptional activity 

although its mechanism of action is still unclear (6, 8). We recently reported the benefits of 

Wnt agonist administration in an animal model of hepatic IR, the first to utilize a 

pharmacologic Wnt/β-catenin agonist in an in vivo study of mammalian injury (9). Our 

observations in this study of renal IR demonstrate that Wnt agonist was able to upregulate β-

catenin signaling to increase cellular proliferation while limiting inflammation and oxidative 

stress.

Here, we report the renoprotective properties of Wnt agonist in renal IRI under prevention 

setting. Further investigation is needed to enhance the clinical implication of applying Wnt 

agonist for the treatment, such as post-treatment for ARF and demonstration in an animal 

transplant model. In addition, for developing Wnt agonist in clinical use, a series of toxicity, 

pharmacokinetic, and dose-dependent studies need to perform. Nevertheless, this study 

provides another scientific aspect in finding a new way to protect renal IR injury.
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ABBREVIATIONS

4-HNE 4-Hydroxynonenal

ANOVA analysis of variance

APC adenomatous polyposis coli

ARF acute renal failure

AST aspartate aminotransferase

eNOS endothelial nitric oxide synthase

GSK glycogen synthase kinase

iNOS inducible nitric oxide synthase

IR ischemia-reperfusion (IR)

IRI ischemia-reperfusion injury

Lef lymphoid enhancer factor

LDH lactate dehydrogenase
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MPO myeloperoxidase

ONOO− peroxynitrite

RNS reactive nitrogen species

ROS reactive oxygen species

SNK Student-Newman-Keuls

Tcf t-cell factor
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FIG. 1. Effect of renal IR and Wnt agonist on β-catenin and downstream Wnt/β-catenin signaling
Kidney tissues were harvested 24 h after reperfusion from the sham, vehicle, and Wnt 

agonist-treated (wntAg) groups. Total lysates were subjected to Western blotting, with 

representative blots against (A) β-catenin and β-actin, and (B) cyclin D1 and β-actin, shown. 

Blots were scanned and quantified by densitometry. Band intensity of β-catenin was 

normalized to the corresponding band intensity of β-actin. The ratio of the sham group is 

designated as 1 for comparison. Data presented as means ± SEM (n=4–6/group) and 

compared by one-way ANOVA and SNK method; *P < 0.05 vs. sham; #P < 0.05 vs. vehicle.
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FIG. 2. Effect of Wnt agonist on tissue injury markers after renal IR
Serum samples were collected 24 h after reperfusion from the sham, vehicle, and Wnt 

agonist-treated (wntAg) groups for measuring (A) creatinine, (B) AST, and (C) LDH. Data 

presented as means ± SEM (n=4–6/group) and compared by one-way ANOVA and SNK 

method; *P < 0.05 vs. sham; #P < 0.05 vs. vehicle.
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FIG. 3. Effect of Wnt agonist on kidney histologic architecture and MPO-induced damage after 
renal IR
Kidneys were harvested 24 h after reperfusion, fixed, and stained with hematoxylin-eosin. 

Representative photomicrographs at 200× magnification of cortex and medulla, respectively, 

of (A, D) sham, (B, E) vehicle, and (C, F) Wnt agonist-treated (wntAg) groups. (G) Semi-

quantitative histologic injury score measuring differences in dilation or loss of Bowman’s 

space, flattening of renal tubular epithelium, loss of tubular brush border, microhemorrhage, 

and tubular casts examined on standard hematoxylin-eosin staining as described in Materials 

and Methods. (H) Kidney tissue myeloperoxidase (MPO) activity was determined by 
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spectrophotometer. Data presented as means ± SEM (n=4–6/group) and compared by one-

way ANOVA and SNK method; *P < 0.05 vs. sham; #P < 0.05 vs. vehicle.

Kuncewitch et al. Page 16

Shock. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 4. Effect of Wnt agonist on tubular cell proliferation after renal IR
Kidneys were harvested 24 h after reperfusion, fixed, and subjected to immunohistochemical 

analysis against Ki67 (brown staining). Representative photomicrographs at 200× 

magnification of cortex and medulla, respectively, of (A, D) sham, (B, E) vehicle, and (C, F) 

Wnt agonist-treated groups.
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FIG. 5. Effect of Wnt agonist on the expression levels of iNOS, nitrotyrosine and 4-HNE after 
renal IR
Kidney tissues were harvested 24 h after reperfusion from the sham, vehicle, and Wnt 

agonist-treated (wntAg) groups. Total lysates were subjected to Western blotting. 

Representative blots against (A) iNOS and β-actin, (B) nitrotyrosine and β-actin, and (C) 4-

HNE protein adducts and β-actin are shown. Blots were scanned and quantified by 

densitometry. Band intensity of iNOS, nitrotyrosine, or 4-HNE protein adducts was 

normalized to the corresponding band intensity of β-actin. The ratio of the sham group is 

designated as 1 for comparison. Data presented as means ± SEM (n=4–6/group) and 

compared by one-way ANOVA and SNK method; *P < 0.05 vs. sham; #P < 0.05 vs. vehicle.
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FIG. 6. Effect of Wnt agonist on proinflammatory cytokine in the kidneys after renal IR
Kidney tissues were harvested 24 h after reperfusion from the sham, vehicle, and Wnt 

agonist-treated (wntAg) groups. Renal (A) IL-6 and (B) IL-1β mRNA expression was 

determined by real time RT-PCR analysis and expression levels were normalized to β-actin. 

The ratio of the sham group is designated as 1 for comparison. Data presented as means ± 

SEM (n=4–6/group) and compared by one-way ANOVA and SNK method; *P < 0.05 vs. 

sham; #P < 0.05 vs. vehicle.
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